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Abstract

-A new technique 1s discussed for enhancing the
bandwidth end intensity of high frequency (>1 GHz) )
-lanalog, spectrally broad (40 nm) signals transmitted
through one kilometer of optical fiber. The existing
method for bandwidth :nhancement of such a signal uses
a very narrow (~1 nm) filter between the fiber and .
[detector to limit bandwidth degradation due to material
dispersion. Using this method, most of the available
optical intensity is rejected and lost. ‘
This new techn' Tue replaces the narrow-band filter
Iwith a spectral equ:'‘-cr device wiich uses a reflec-
tion grating to dispersa the input signal spectrum and
direct it onto a linear array of fibers. The fibers
are cmploycd as optical delay linea. Tach is cut to
the proper length to compensate for material dispersion
(at its wavelength) in the given lenjth of input sivnal
fiber. The combined output of the spectrally equalized
array it then counled to the detector and recorded.
This technique enhances the acquired signal frequency
response by eliminating the wing contributions of
narrow-band filters, and siqnificantly increases the
signal amplitudc by utilizing more of the available
input apectrum.

The use of fibuer optics in plasma dlngnoslica‘ in
amenalila to this technique. A pigtail of radiatinn
resistant plastic clad silica (I€CS) fibcr s located in
the radiation field as a Cercnkov radiation-to-light
transducer. The pigtall is connected to one kilometer
of high bandwidth graded-index fiber and the high band-
width, epectrally broad and disperned signal crans-
mitted to the recording atation. The slgnal filber iw
connected to the spectral equallizer for signal enhance-
ment .

Concept

A dedtla fup~tion of white light injected into a
kilometer of ontical fiber wil) be gpectrally broadened
by material dispernion .nto a pulse over 100 nsoc long
at the output, and modulated by the attoenuation of the
fibor. Figure 1 shows a L0-pnec FWIIM pulne of Corenkov
light ro modificd by tranaminsion through ! km of
graded-index fiber.  The sgame nignal measured through
a serdes of narrow=band f{ltern (FWHM <1 nm) would he a
'merjons of puluen that arce rteprenentative of the fiber
?mndnl bandwidth for the cotre.ponding wavelengths, cach
recorded at difforent relataive arrival timen,

The problem fn how to compeonnate for miteytal dip-
Iperpfon no that al) wpectral componenty will wrive at

jthe mawe time, avolding the lonn an frequeacy responne

lnnd overcoting the Jong of lTight due to
wavelength only,

tiltering ore
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| Fig. 1. Broadband Cevenkov apectrum through

1 km of fiber

To achieve this we have developed a spectral
cqualizer dovice wherain tha high freguency dispersed
broadband spectrum ia inserted into a spectroqraph. The
epatially separatced wavelengths are collected by a hori-
gontal array of equaliziry (ibers. FEach equalizing
fiber im cut in lenglh relative to the rest to adjust
for the material dispersion in the original fiber. All
slgnals in the compensating fiberna will then be in
temporal ccincldence with cach othei. They are all
incldent on the same photodetector (Fig. 2). The
}csulllng increased photodetector signal relative to
that using tho pingle-filter approach is a function of
the apectrograph cfficlvncy and the nuaber of fibern
used.
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. Spectrograph Design

The spectrograph must be efficient to be useful.
The instrument deacribed here is based on concepts
developed by Tomlinsen, Lin, and Aumiller2s3 and by
Kobayashl and Seki." 5 The fiber optic input radiation

is collimated by a lens onto a high efficiency replica
reflection grating (70% in the first orde- for unpolar-
ized light at 800 nm) in Littrow configuration then re-
focused onto a linear array of 34 fibers by the same
lens (Fig. 13).

dnpuat Uaber

3=
S npare Input

Lipear Piber Array

Lams Sel

Fié. 3. Schematic of spectrograph

The grating used in the initial spectrograph
astudies has the following specifications:
Blaze wavelenyth — 7500 R
Blaze angle — 26°45'
Grooaves per mn — 1200

Rolative efficicncy at 7500 A — 74v for
unpolariced light

Angular disporsion (In Littrow) — 7.45 K/mr
at 7500

Sire (mn) — 50 % 50 x 10

Linear dicpersion is depcndent on the focal longth
of the collimating lons. A new two-clement lens cospc-
cially dasigned for this nystem will have a paraxial
focal longth of 77.3 mm. The lens-grating combination
will prodi.'¢ a linear dimspersion of 94.1 A/wn at 014 nm,
the center of the region of inteorest for our applica-
tion.

The linecar array of fibera is deaignnd to collect
tho maximum amount of light {n the relativaely distor-
tion-frue region around the optical axis. There arc
two input fibwrr. One is & spare. They aro boih
Corning 63-}im core diameter, graded-iindex fibers,
idontical to the m:in Input aignal fibar. The 14

ualizing fibers ai distributed evanly on cither mide
of the input fiberw. They are 100-im core Corning
Short Diutance Fibers (6DF). The laiger core, numerical
apertura, and semi=graded nature of the equalizing
fibern relaxen scmawhat the stringent requirementn
placed on the lens.

A computer program desnigoed to maxie]l the spectro-
graph wan uncd to detormine the theoretical perfonmances
and charactoerinticn of the nyutem with the two-elament
lenn. Figuie 4 reprenentn the coupling characterfutien
for two adjacent channels anmoming a "textbook™ lens,
that in, focal length conntant with wavelength, a 708
officient grating, N5 lowr at each nurface of the
lonn (A st facen) and 4% Froeppel jeflect ionn at the
fiber endu.  fhe conntant coupling over s finlte wvave-
1length region tn due to the laryer eore aoean o1 the

roceiving tiber ., ,
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Fig. 4. Theoretical coupling characteristic for
spactrograph wich perfect lens (focal
length 77.3 mm, array at focal point)

The designed two-.element lens corrects for a large

portion of the spherical aberration but introduces
lateral chromatism. The cffects of lateral chromatism

are demonstrated in Figs. S5 through 9. Figure 5
hllueratea the theorctical center wavelength coupling
:n!ﬂcicncy for the fibeyr array as a function of focal
position. The best coupling at 791.5 nm is for a focal
positior of 77.20 mm, and for 837.5 nm,a fecal position
f 77.35 mm, the ghortost and longest calculatod foca. -
sitions. i
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I'lg. 5. peak conter wavelongth coupling an a

function of array paraxial focal
ponltion for A - Bl4d am. Fiboain mre
; numher ed connecut ively fram 17 to 17
L Flguren 6 and B reprenent the theoret feal coupling
haractey intien for two chanpeln on each of the ten el
:uf the tiber mvay, and Fig. 7, for two channels fn the
conter uning the two.ulement lepn,
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!
!
- The material dispersion of Corning's graded-index
fibers has been measured and has been found empirically
Channel (-1) Channel (-2) ito follow a power law in the 660 to B50-nm region.s
~0.1325 mn -0.2715 nx EA semi-thcoretical expression for material dispersion
i o eveloped by Wemple could also be us ed.7) Integration
f the power law cquation yields :the relative arrival
!t.lmu differcnce, At (psec), between two chrnnels at
2 o wavelengths A1 (nm) and A2 (nm), for a langth L (km) of
T signal fibor. This relationship is R
----- — i
2 s} " ) |
s At = 7.098 x 1072 (AT2874 L\ t2B74, g
h 1 2 r
g.‘vo- !
hultiplicnt{on by the velocity of light in fiber
(0.02 cm/psec) producas the relative difference in
wh length of equalizing fibers for adjacent channels. The
extrome éiffercnce in length for the spuctral raglon of
interest and 1 km of input fiber iu 100 cm. '
0 1 1 -
s 813 dle 15 e
bevelength (nm) Coustruction of the Spectral FEqualizer
Fig. 7- Theoretical coupling characteristic The spectral egualizer unit has two compartmenis
for epoctrograph (77.3 mm piraxial (Fig. 9), one for the filter array-lens-qrating arscmbly
focal position) and one to hold the different lcngtha of eqi.alizing
' fiberu. The MCUP detector ir also attached to the seconrd
compartment . One of the equalizing fibuera (s uned to
bDotermir~tion of Relative Lengths of Fqualizing Fibers verify the une of the appropriate npectral region.  The
! light from this fiber pas-en through the denmired narrow-
The relative length of each equalizing fiber im band rilter and jn detected by a conventional photo-
dependent on the material dimspersion {n the input multirlicr tube (PHT), Thur, with a white light dc
fiber and {tm length. The pottion of apectrum uned fnpuw to the cqualizer and a de measdrement ol Lhe PMT
munt be close to Lhe donign optimum wavelength of the - nignal, adjuntmenta of the grating Littrow angle for
fiber to minimize modal pulse broadening. Today's high the proper npectral region can be performed.
frogquency fibere are optimized for 6% nm.  Alno, sincoe :
the purpose of the spectral equalization §u to increana The long focal length of the lenm and the umall
the wignal anplitude, the apectral region should be in ni=e of the fibera dictate a rigld conrtruction with
tho nefghborhood of the peak mignal from the romcoe- micrometer adjudtments for all degrees of freedom.  The
fibersdetector ayatem,  For ntate-of-the-art micro- fiber array in mounted on Liannlation ntages that
channel plate (MCP) photomultipliers and a Cerenkov provide adjustmentn dn the x, y, and = Jdhrectionn,  The
| RouLCu, thin my stem specttum peakn at 800 nm. The lTens in fixed,  The grating tn mounted in a holder that
Jeambinat fon of chese consbiterat tonn Toado un Lo wie ‘ providea gimbaling about Ahe x and y axin and rotation
the regton froa 791 to HYY7 nm, | lof the yrat ing about the nermal to ftu ruled nn face,

!
h]
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~1 electrons pasr through an optical fiber, the Cerenkov
process produces broadband 50-psec impulses of light
Hdeal for these system response measurements.

Conclusion

The concept of spectral equalization has been
femonstrated to enhance the signal amplitude and improve
he system frequency responce to greater than 1 GHz when
ransmitting a spectrally broad opticzl signal through a
ilometer of optical fiber, A prototype spectral egual-
zer unit has been constructed that uses this concept.
[ Test results comparing the performance of this proto-
'type with that of the typical narrow-band optical '
]filter show a system time response improvement from
#00 to 300 psec, wich a factor of eight increase in
ignal amplitude. KA new lens specially designed for
; this application is being fabricated; it should
| pubstantially increase the throughput efficiency of the
nit giving considerably larger signal amplitudes and
hereby increasing the system dynamic range. !

Fig. 9. Top view of spectral equalization unit References
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following way. Light was coupled directly into the ‘
input fiber and the total throughput tnrough all fibers
was measurcd. The inpuc fiber was then broken off necar
the input end and the throughpul of the short pliece was
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length. '

Using this ecvaluation techniquo we meusured a mean

12, efficioncy por flber, as comparcd to the theorctical

imum of approximately 59%v. This poor result is
ateributed to tha quality of the lens which is wresently
in use. It {m a photographic achromat, f/1.6, HO-mm
focal length, and is not corrected for use around '
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increane the efficlency. ' |
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